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Spin-dependent transport in a quasi-ballistic quantum wire
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(October 11, 2018)
We describe the transport properties of a 5 µm long one-dimensional (1D) quantum wire. Re-
duction of conductance plateaux due to the introduction of weakly disorder scattering are observed.
In an in-plane magnetic field, we observe spin-splitting of the reduced conductance steps. Our ex-
perimental results provide evidence that deviation from conductance quantisation is very small for
electrons with spin parallel and is about 1/3 for electrons with spin anti-parallel. Moreover, in a
high in-plane magnetic field, a spin-polarised 1D channel shows a plateau-like structure close to
0.3 × e2/h which strengthens with increasing temperatures. It is suggested that these results arise
from the combination of disorder and the electron-electron interactions in the 1D electron gas.
PACS numbers: 73.40.Gk, 73.20.Dx
Using electron beam lithography, one is able to pattern
the surface of a GaAs/AlGaAs heterostructure with sub-
micron Schottky gates. By negatively biasing the sur-
face gates, one can electrostatically squeeze [1] the under-
lying two-dimensional electron gas (2DEG) into various
shapes. The most noteworthy success of this technique
is the experimental realisation of a one-dimensional (1D)
channel – by using a pair of “split-gates” [1], it is possible
to define a 1D channel within a 2DEG [2]. If the elastic
scattering length is longer than the 1D channel length,
transport through the channel is ballistic and one ob-
serves conductance plateaux quantised in units of 2e2/h
[3,4]. Although 1D electron transport has been stud-
ied for more than a decade, most experimental results
can be explained within a single particle picture without
considering electron-electron interactions and spin effects
in a 1D system. It is only more recently that a “0.7
structure”, evidence for possible spin polarisation caused
by electron-electron interactions [5], has been extensively
studied. Part of the reason may be that in a clean system
the conductance is independent of the electron-electron
interactions and it is determined by entrance and exit
reservoirs [6]. A non-interacting 1D system should show
either ballistic quantization or has a conductance de-
creasing to zero with increasing length and decreasing
temperature due to localization. On the other hand it has
been suggested that the interaction is observable in the
presence of backscattering [7], so called a dirty Luttinger
liquid, but in excess disorder may remove all semblance
of 1D transport.
It is well known that as the length of a quantum wire
is increased, the effect of disorder within the wire is
enhanced [8] and back-scattering in the channel is in-
creased, resulting in a crossover from ballistic towards
diffusive transport. In this paper, we present experimen-
tal results on the transport properties of a 5 µm quan-
tum wire. In such a regime the weak disorder within
the system reduces conductance steps below quantised
units in 2e2/h. In an in-plane magnetic field, we ob-
served spin-splitting of the conductance plateaux, as ex-
pected. Recently Kimura, Kuroki and Aoki [9] have pro-
posed that in a dirty Luttinger liquid, a reduction of spin
anti-parallel conductance occurs. That is, due to the
electron-electron interactions, the conductance for spin
antiparallel electrons is smaller than that for spin paral-
lel electrons. We shall show that our results are consis-
tent with their model. When there are more than one 1D
subbands occupied in the channel, our data further sug-
gests that the electron transmission probability through
a long quasi-ballistic channel shows oscillating behaviour
with electron spin species. Moreover, below the first spin-
polarised conductance step, a plateau-like structure close
to 0.3× e2/h strengthens with increasing temperatures.
The split-gate (SG) device (5 µm long and 0.8 µm
wide) was lithographically defined, 300 nm above the
2DEG. The 2DEG has a carrier density of 3× 1011 cm−2
with a mobility of 7.5 × 106 cm2/Vs after brief illumi-
nation with a red light emitting diode. Experiments
were performed in a pumped 3He cryostat and the two-
terminal conductance G = dI/dV was measured using
an ac excitation voltage of 10 µV at a frequency of 77 Hz
with standard phase-sensitive techniques. The in-plane
magnetic field B‖ is applied parallel to the source-drain
current. To check for an out-of-plane magnetic field com-
ponent, we measure the Hall voltage. From this we know
that the sample was aligned better than 0.1◦ using an
in-situ rotating insert. In all cases, a zero-split-gate-
voltage series resistance due to the bulk 2DEG is sub-
tracted from the raw data. In the literature, it has been
shown that there is an additional series resistance be-
tween a 1D channel and bulk 2DEG [10]. Three different
samples at four cool-downs show similar behaviour and
measurements taken from one of these samples are pre-
sented in this paper.
Impurities in the spacer layer can give rise to potential
fluctuations [11] near a 1D wire. This effect could cause
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nonuniformity of the quantum wire confinement poten-
tial, leading to a micro-constriction, a narrowest region
in the channel. To check whether conduction through
a 1D channel is dominated by a micro-constriction, one
can laterally shift the conduction channel [12]. When
the channel is moved away from a micro-constriction, the
conductance – split-gate voltage pinch-off characteristics
would show large variations due to the sudden disappear-
ance of the extra confining potential due to impurities
which causes the micro-constriction in the channel. We
now show that it is not the case in our long quantum wire.
Figure 1 shows G(VSG) when we differentially bias the
two halves of the split-gates. In this case, the 1D channel
is laterally shifted by ± 57 nm [13]. It is evident that the
pinch-off voltages show a linear dependence of the volt-
age difference between the two halves of the split-gate.
Also resonant features and conductance plateaux show
gradual evolution as the channel is moved laterally. This
demonstrates that transport through the channel is not
dominated by a narrow region in the channel. As shown
in Fig. 1, resonant features superimposed upon conduc-
tance steps are clearly observed in all traces. These res-
onances are believed due to potential fluctuations near
the 1D channel [8]. The scattering potential within the
channel does indeed vary when the 1D channel is moved
laterally as the strength of resonant features changes, as
illustrated in Fig. 1. Nevertheless, note that conductance
plateaux deviations from their quantised values are al-
ways observed in all 11 traces. However it is noticeable
that the plateaux are reasonably intact showing that the
scattering is weak and does not vary significantly with
the Fermi energy so producing a semblance of plateaux.
In this paper, we concentrate on the case where there is
no potential difference between the two halves of the SG.
Figure 2 shows conductance-split gate voltage charac-
teristics G(VSG) at various temperatures T . With in-
creasing T , the feature close to 0.8× 2e2/h and resonant
features gradually disappear. The first three conductance
plateaux values increase and approach multiples of 2e2/h
at the highest temperatures. In a shorter wire (3 µm),
clean conductance plateaux close at multiples of 2e2/h
are observed. With increasing temperatures, the conduc-
tance plateaux become less well-defined due to thermal
smearing. Nevertheless the mid-points of the conduc-
tance steps remain close to multiples of 2e2/h at high
temperatures. This effect is not related to the reports
of decreased plateaus values. For example, recently the
role of electron injection into V-groove quantum wires
have been studied [14]. It has been shown that the ob-
served reduction of ballistic conductance steps is due to
poor coupling between the 1D states of the wire and the
2D states of the reservoirs. This mechanism may ac-
count for the reduced conductance plateaux observed in
cleaved edge overgrown quantum wires studied by Ya-
coby and co-workers [15], which is entirely different to
the spin-dependent effects previously reported [5].
We now turn our attention to the reduced conductance
plateaux as a function of magnetic field applied parallel
to the 2DEG B‖. It is well established that a large B‖
lifts the electron spin degeneracy as first demonstrated
by Wharam et al. [3], causing consecutive spin-parallel
(parallel to B‖) and spin-antiparallel (anti-parallel to B‖)
conductance plateaux in multiples of e2/h [16]. Figure 3
shows G(VSG) at various B‖. With increasing B‖, the
splitting of the conductance steps can be seen and the
spin-split conductance steps values are somewhat lower
than multiples of e2/h. It is worth mentioning that the
feature close to 0.8 × 2e2/h, believed to be due to reso-
nant transmission through an impurity potential [17,18],
gradually disappears with increasing B‖. This result, to-
gether with the data shown in figure 1 when the fea-
ture close to 0.8× 2e2/h gradually turns into a resonant
peak as the channel is laterally shifted, show that at zero
magnetic field one needs to be careful in ascribing any
feature close to 0.7 × 2e2/h observed in a 1D channel
to the “0.7 plateau” extensively studied by Thomas and
co-workers [5]. The zero split-gate voltage conductance
shows a monotonic decreases with increasing B‖, as il-
lustrated in the inset to Fig. 3. This effect is due to the
diamagnetic shift of the 2DEG [19].
As clearly shown in Fig. 3, at B‖ = 11 T the con-
ductance does not show steps in multiples of e2/h. We
now use a different view which reveals a striking be-
haviour. Figure 4 now shows the difference in conduc-
tance between the mid-points of consecutive steps value
∆G(n) = G(n)−G(n−1) where n is the number of spin-
split 1D subbands occupied. For n = 1, ∆G(1) is simply
the conductance step value. For n ≤ 6, an oscillating be-
haviour is evident – ∆G(n) approaches a quantised value
of e2/h when n is an odd integer, and shows substantial
deviations (up to 1/3) from a quantised value of e2/h
when n is an even integer. For n ≥ 6, the conductance
steps are less pronounced and the striking oscillating be-
haviour gradually disappears. Assuming that ∆G(n) re-
flects the transmission probability for the nth spin-split
1D subband, then these experimental results suggest that
the spin parallel electrons have almost a full transmis-
sion probability (100%) through the 1D channel whereas
the spin anti-parallel electrons have a much lower trans-
mission probability (≈ 65%). The semblance of the ob-
served 1D conductance steps, together with the observed
weak resonant features in our weakly disordered 1D wire
suggest that our device is in the dirty Luttinger liquid
regime. If this is the case, then our experimental results
are consistent with the model proposed by Kimura and
co-workers. Note that in their model they only consider
a two-band (spin parallel and spin antiparallel electrons)
Tomonaga-Luttinger liquid. The fact that the reduction
of spin antiparallel conductance persists up to n=6 sug-
gests that our results can be extended to a “six-band”
(three pairs of spin parallel and spin antiparallel elec-
trons) limit.
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Finally we present the temperature dependence mea-
surements which reveal even more striking behaviour.
Figure 5 shows G(VSG) for B‖ = 11 T at different tem-
peratures. As expected, the spin-split conductance steps
become less pronounced at higher temperatures due to
thermal broadening. However a plateau-like structure
close to 0.3 × e2/h becomes more pronounced with in-
creasing temperatures. Also the structure approaches
0.4×e2/h at the highest temperature. The reason for this
unexpected behaviour is not fully understood at present
but we speculate that the strong electron-electron inter-
actions might play a role in this.
The oscillating, spin dependent transmission proba-
bility which we observed is in striking contrast to the
behaviour of a short, “point contact” ballistic channel
where the quantization is always in units of e2/h re-
gardless of spin orientation. In the latter case, theory
shows that due to mixing of the reservoir and channel
states there can be no electron-electron interaction en-
hanced deviation from the quantized values. However
Kimura and co-workers [9] have consider the Tomonaga-
Luttinger liquid when backscattering occurs, they find
that this mixes with the interaction to produce a con-
ductance dependent on the Fermi energy and hence spin
state although it is still surprising the spin parallel elec-
trons display quantized value. Recently it has been sug-
gested that in the Tomonaga-Luttinger regime charge
density wave formation can give rise to a fractional charge
behaviour [20]. The results here are consistent with
the spin-antiparallel electrons showing a quantized con-
ductance but with the value of the fundamental charge
reduced. We note that we cannot attribute the spin-
dependent behaviour to any spin-dependent scattering at
the entrance and the exit to the channel as it is absent on
short devices on the same heterostructure material and
the effect reproducible despite a change in sample and
channel location.
In summary, we have performed low-temperature mea-
surements on a quasi-ballistic quantum wire. Our re-
sults suggest that the electron transmission probability
through a long quasi-ballistic channel shows oscillating
behaviour with spin species. Moreover, a spin-polarised
1D channel shows a pronounced plateau-like structure
close to 0.3 × e2/h with increasing strength at higher
temperatures. Such striking behaviour is only observed
in long quantum wires (≈ 5 µm) but not in a clean 1D
channel (≤ 3 µm), suggesting that the back-scattering
within the quasi-ballistic 1D system plays an important
role.
This work was funded by the UK EPSRC, and in part,
by the US Army Research Office. We thank C.J.B. Ford
for helpful discussions, K.J. Thomas for drawing our
attention to Ref. [9], H.D. Clark, J.E.F. Frost and
M. Kataoka for advice and help on device fabrication
at an early stage of this work, and S. Shapira for exper-
imental assistance. C.T.L. is grateful for support from
Department of Physics, National Taiwan University.
References
[1] T. J. Thornton et al., Phys. Rev. Lett. 56, 1198 (1986).
[2] K.-F. Berggren, T. J. Thornton, D. J. Newson and
M. Pepper, Phys. Rev. Lett. 57, 1769 (1986).
[3] D. A. Wharam et al., J. Phys. C 21, L209 (1988).
[4] B. J. van Wees et al., Phys. Rev. Lett. 60, 848 (1988).
[5] K. J. Thomas et al., Phys. Rev. Lett. 77, 135 (1996);
Phys. Rev. B 58, 4846 (1998).
[6] D. L. Maslov and M. Stone, Phys. Rev. B 52, R5539
(1995).
[7] D. L. Maslov, Phys. Rev. B 52, R14368 (1995).
[8] J. A. Nixon, J. H. Davies and H. U. Baranger, Phys. Rev.
B 43, 12638 (1991).
[9] T. Kimura, K. Kuroki and H. Aoki, Phys. Rev. B 53,
9572 (1996).
[10] G. Timp et al., in Proceedings of the International Sym-
posium on Nanostructure Physics and Fabrication, Col-
lege Station, Texas, USA, edited by M.A. Reed and W.P.
Kirk (Academic, New York, 1989), pp. 331-345.
[11] J. H. Davies and J. A. Nixon, Phys. Rev. B 44, 1646
(1991).
[12] R. J. Stroh and M. Pepper, J. Phys. Condens. Matter 1,
8481 (1989).
[13] J. G. Williamson et al., Phys. Rev. B 42, 7675 (1990).
[14] D. Kaufman et al., Phys. Rev. B 59, R10433 (1999).
[15] A. Yacoby et al., Phys. Rev. Lett. 77, 4612 (1996).
[16] N. K. Patel et al., Phys. Rev. B 44, R10973 (1991).
[17] J. T. Nicholls et al., Phys. Rev. B 48, 8866 (1993).
[18] C.-T. Liang et al., Phys. Rev. B 55, 6723 (1997).
[19] J. Weis et al., Surf. Sci. 305, 664 (1994).
[20] V. V. Ponomarenko and N. Nagaosa, Phys. Rev. Lett.
83, 1822 (1999).
Figure Captions
Figure 1. G(VSG) measurements when the channel is
laterally shifted by differentially biasing the two halves
of the split-gates. From left to right: ∆VSG = -0.5 V to
+0.5 V in 0.1 V steps. The measurement temperature
was 0.3 K.
Figure 2. G(VSG) at various temperatures T as illus-
trated in the figure.
Figure 3. G(VSG) at various applied magnetic field
parallel to the 2DEG B‖. From left to right: B‖ = 0
to 11 T in 1 T steps. Curves are successively offset by
0.01 V for clarity. The zero split-gate voltage conduc-
tance at various B‖, as shown in the inset to Fig. 3 has
been subtracted from the raw data. The inset shows the
zero split-gate voltage conductance as a function of B‖.
The measurement temperature was 0.3 K.
Figure 4. The difference in conductance between the
(n − 1)th and the nth 1D conductance steps ∆G(n) =
3
G(n) − G(n − 1), where n is the spin-split subband in-
dex.
Figure 5. G(VSG) for B‖ at various temperatures T .
From left to right: T = 0.3, 0.363, 0.391, 0.429, 0.483,
0.542, 0.611, 0.680, 0.752, 0.832, 0.920, 1.01, 1.07, 1.16,
1.28, 1.46 and 1.60 K. Curves are successively offset by
0.01 V for clarity. The data was taken at the second
cool-down.
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